. In addition, an AG type is commonly found in nature, but its origin is controversial, and could involve several contributing factors such as complex slip systems, non-coaxial strain types, or the effects of melt during plastic flow. In this paper we present all of our olivine fabric database published previously as well as new data mostly from ocean floor, mainly for the convergent margin of the western Pacific region, and we introduce a new index named Fabric-Index Angle (FIA), which is related to the P-wave property of a single olivine crystal. The FIA can be used as an alternative to classifying the CPOs into the six fabric types, and it allows a set of CPOs to be expressed as a single angle in a range between −90 • and 180 • . The six olivine fabric types have unique values of FIA: 63 • for A type, −28 • for B type, 158 • for C type, 90 • for D type, 106 • for E type, and 0 • for AG type. We divided our olivine database into five tectonic groups: ophiolites, ridge peridotites, trench peridotites, peridotite xenoliths, and peridotites enclosed in high-pressure metamorphic rocks. Our results show that although our database is not yet large enough (except for trench peridotites) to define the characteristics of the five tectonic groups, the natural olivine fabrics vary in their range of FIA: 0 • to 150 • for the ophiolites, 40 • to 80 • for the ridge peridotites, −40 • to 100 • for the trench peridotites, 0 • to 100 • for the peridotite xenoliths, and −40 • to 10 • for the peridotites enclosed in high-pressure metamorphic rocks. The trench peridotites show a statistically unimodal distribution of FIA consisting of the high peak equivalent of the A type, but with some FIAs close to the AG and D types. The variations in the olivine fabrics in the trench peridotites could result from variations in deformation within the supra-subduction uppermost mantle, possibly related to evolution of the mantle since the subduction initiation of the Pacific plate.
Introduction
Our understanding of olivine crystallographic preferred orientations (CPOs) has progressed dramatically over the past ∼10 yr http://dx.doi.org/10.1016/j.epsl.2016.03.019 0012-821X/© 2016 Elsevier B.V. All rights reserved.
as a result of both natural and experimental studies, as well as major technological developments. An olivine CPO within a peridotite is the expression of the crystal-fabric of olivine grains with respect to its structural framework (x-, y-, and z-axes) , and it is the result of plastic flow in the mantle. These olivine CPOs are commonly categorized into five fabric types, A, B, C, D, and E, which have been established based on the results of experimental studies ( Fig. 1A ; Jung et al., 2006; Karato et al., 2008) . The fabric types are generally attributed to the predominant activity of a particular olivine slip system: A with (010) (Jung and Karato, 2001; Katayama and Karato, 2004; Jung et al., 2006; Karato et al., 2008) . This scheme has proved to be powerful enough to be applied worldwide to natural olivine fabrics (e.g., Mizukami et al., 2004; Skemer et al., 2006; Mainprice, 2007; Karato et al., 2008; Michibayashi and Oohara, 2013) .
There exists another olivine fabric type, previously known as the axial- [010] or [010]-fiber pattern (e.g., Ben Ismaïl and Mainprice, 1998; Tommasi et al., 2000; Vauchez and Garrido, 2001; Michibayashi and Mainprice, 2004; Vauchez et al., 2005; Tommasi et al., 2006; Vonlanthen et al., 2006; Le Roux et al., 2007 , 2008 Bascou et al., 2008; Tommasi et al., 2008; Tommasi and Vauchez, 2015) . Mainprice (2007) named this the AG type, following on from the five fabric types of Karato (Fig. 1A) . In simple shear the AG type usually requires at least two slip systems, (010) [100] and (010) [001] , whereas in axially symmetric shortening it may result simply from (010) [100] slip (e.g., Holtzman et al., 2003; Michibayashi and Mainprice, 2004) . Clearly, we need to consider the AG type in addition to the A to E types.
In nature, it is not always easy to categorize a measured CPO as one of the six fabric types, particularly in the case of weak CPOs or patterns that are highly oblique to the kinematic framework (i.e., foliation and lineation). This difficulty seems also to apply in the interpretation of CPOs developed during deformation experiments, where inverse pole figures have been used to identify olivine fabric types (e.g., Jung et al., 2009 ). Since three pole figures for the principal crystallographic axes are generally prepared when interpreting a CPO pattern, an alternative approach to the analysis of pole figure symmetry is to determine the three eigenvalues of the normalized orientation matrices in each pole figure (e.g., Satsukawa et al., 2013; Cao et al., 2015) . However, this quantitative approach is rather complex, and it is not intuitive when comparing the results with other factors.
In this paper, we present a new method for comparing olivine fabric types. Our method requires the calculation of seismic properties, and in particular the P-wave velocity distribution (Vp), based on olivine CPO data, elastic coefficients, and the density of a single olivine crystal (Mainprice, 1990) . We employ a Flinn-type diagram and related diagrams to express the Vp anisotropy for each set of CPO data. We show that our method is successful in providing a quantitative classification of olivine fabric data in conjunction with the six olivine fabric types.
Olivine fabric types and the Vp-Flinn diagram
Olivine crystals contain intrinsic elastic anisotropies. The development of olivine CPOs within peridotite during plastic deformation gives rise to the seismic anisotropy of the upper mantle (e.g., Nicolas and Christensen, 1987; Nishimura and Forsyth, 1989; Mainprice, 1990; Tommasi et al., 2000; Mainprice, 2007; Michibayashi, 2008; Tommasi and Vauchez, 2015) . Both P-wave and S-wave velocity (Vp and Vs, respectively) anisotropies in peridotite are calculated from crystallographic orientation data using a set of programs developed by David Mainprice (e.g., Mainprice, 1990 (Flinn, 1962) . This method has firstly been introduced by Barberini et al. (2007) and extensively developed by Ji and his colleagues (Ji et al., 2013 (Ji et al., , 2015 Shao et al., 2014; Michibayashi, 2015) .
To define the field of the six olivine fabric types in the diagram, we should consider the orientations of the three principal axes in the structural framework (x-y-z axes) where the foliation is the x-y plane and the lineation is parallel to the x-axis. Thus, V x is the velocity parallel to the x-axis, V y is parallel to the y-axis, and V z is parallel to the z-axis.
For a single olivine crystal, the maximum Vp is parallel to the a-axis (V a ), whereas the minimum Vp is parallel to the b-axis (V b ). Since Vp parallel to the c-axis (V c ) is perpendicular to both V a and V b because of the orthorhombic symmetry of olivine, we consider these three Vp values for a single olivine crystal in a Vp-Flinn diagram.
For an A-type fabric, V a is parallel to V x , V b is parallel to V z , and V c is parallel to V y (Fig. 1B) . For a B-type fabric, V a is parallel to V y , V b is parallel to V z , and V c is parallel to V x (Fig. 1B) . For C-type, V a is parallel to V z , V b is parallel to V y , and V c is parallel to V x (Fig. 1B) . For E-type, V a is parallel to V x , V b is parallel to V y , and V c is parallel to V z (Fig. 1B) .
The D-type fabric is characterized by a girdle pattern of both b-and c-axes, and a single point maximum for the a-axis. Therefore, although V a can be parallel to V x , both V b and V c cannot be parallel to the other two velocities, respectively. Instead, V y and V z are equally assumed to be (V b + V c )/2 (Fig. 1B) . Similarly, for the AG-type, V z is parallel to V b , and both V x and V z are equally assumed to be (V a + V c )/2 (Fig. 1B) . It is noted that although it is possible to assume any other unknown type such as axial- [001] pattern consisting of a girdle pattern of both a-and b-axes, and a single point maximum for the c-axis in a similar way, we simply focus on the known six olivine fabrics from here.
In this study, we derive the P-wave velocities of a single olivine crystal from Abramson et al. (1997) , so that V a is 9.77 km/s, V b is 7.65 km/s, and V c is 8.33 km/s. Therefore, it is important to state that P-wave velocities are calculated assuming room pressure and temperature. As a result, the six olivine fabrics for a single olivine crystal are shown in a Flinn diagram (Fig. 1C) where the broken lines are contour lines of a given Vp anis percent.
The angle of inclination between the point of origin (1, 1) and a point in the Flinn diagram is defined by K :
However, it is not convenient to use K as commonly used in structural geology, since the Vp-Flinn diagram has three quadrants instead of only one quadrant in a normal Flinn diagram (Flinn, 1962) .
Thus, we introduce a new index angle, θ , as follows:
As shown in Fig. 1C , θ has a range between −90 • and 180 • to define the field of each fabric type in the three quadrants. We name this index angle the Fabric-Index Angle (FIA). Finally, we obtain the following values of FIA for the six olivine fabric types for a sin- • for E type, and 0 • for AG type (Fig. 1) . We are now ready to present our olivine fabric database collected in our laboratory for the last fifteen years using this diagram (Fig. 1C) .
Olivine fabric database
Our olivine fabric database includes new data from the ocean floor combined with previously published data. About 200 crystal orientations have been measured per sample in highly polished thin sections cut perpendicular to the foliation and parallel to the lineation (i.e. xz-section). The foliations (x-y plane) and lineations (x-axis) of the peridotites are defined by the shape-preferred orientation and/or alignment of spinel and/or pyroxene grains. Since the density distributions of crystallographic axes have commonly some angles against the x-y-z axes determined by mineral textures ( Fig. 2A) , the calculated three P-wave velocities (V max , V int , and V min ) also have angles against the x-y-z axes (Fig. 2B) . Therefore, we determined V x , V y and V z to be the nearest P-wave velocity among the three values to the x-y-z axes, respectively, as shown in Fig. 2B , whereas we excluded the data that were unclear to determine V x , V y and V z due to too high angles to fit to the x-y-z axes.
The data can be divided into five tectonic groups: ophiolites, ridge peridotites, trench peridotites, peridotite xenoliths, and peridotites in HP metamorphic rocks; most of the data are derived from the western Pacific convergence region (Fig. 3) . The ophiolite data are from the Oman ophiolite (Michibayashi and Mainprice, 2004; Michibayashi et al., 2006a Michibayashi et al., , 2006b Michibayashi and Oohara, 2013 ) and the Yakuno ophiolite ) (red points in Fig. 3 ). The few ridge peridotite data we have are from the Godzilla Megamullion (Harigane et al., 2011a) and the Mariana Trough (new data) (magenta points in Fig. 3 ). The trench peridotite data are from the Bonin (Ogasawara) Trench (Harigane et al., 2013) , the South Mariana Trench (Michibayashi et al., 2007 (Michibayashi et al., , 2009b ; new data), the North Mariana Trench (new data), and the Tonga Trench (new data) (blue points in Fig. 3 ). The peridotite xenolith data are from Ichinomegata (Michibayashi et al., 2006a (Michibayashi et al., , 2006b , Avacha (Michibayashi et al., 2009a) , Knippa (Satsukawa et al., 2010) , Kilbourne Hole (Satsukawa et al., 2011) , a petitspot (Harigane et al., 2011b) , and Tasmania (Michibayashi et al., 2012) (green points in Fig. 3) . The data for the peridotites in HP metamorphic rocks are from the Imono (Tasaka et al., 2008) and Higashi-Akaishi (Muramoto et al., 2011 ) massifs (cyan points in Fig. 3 ). FIA between 90 • and 110 • corresponding to the fabric types from D to E. A few olivine data from the Bonin Trench (H13 in Fig. 4 ) also plot in the same range of FIA between D and E types. Olivine data from the Oman ophiolite (MO13 in Fig. 4 ), obtained from a traverse of a wet shear zone (Michibayashi and Oohara, 2013) , plot in the E-and C-type areas.
Results

Olivine fabrics from our database plotted on a Vp-Flinn diagram
Relationship to fabric intensities
Exponential relationships are observed between fabric intensities (J-index and M-index) and Vp anisotropy (Fig. 5) , indicating that the Vp anisotropy can be interpreted as a kind of fabric intensity parameter. The data in Fig. 5 suggest that the peridotites in HP metamorphic rocks have different trends from the other four groups in our olivine fabric database, although the number of the samples is as low as 18 (the inset in Fig. 3 ).
Interpretation
Transformation of the Vp-Flinn diagram to FIA-Vp anisotropy space
The Vp-Flinn diagram in Fig. 4 is convenient for presenting all the olivine fabrics from our database together. However, the data points become more widely spaced towards higher Vp anisotropies, and the density distribution of the olivine fabrics in the database therefore becomes weaker, even though the number of points for low and high Vp anisotropies are equal on the Vp-Flinn diagram. To overcome this limitation, we transformed the data plots from the Vp-diagram to those in FIA-Vp anisotropy space (Fig. 6A) , where the Vp-anisotropy can also represent the degree of fabric intensity, as shown in Fig. 5 .
The Vp anisotropies are clearly higher in a range of FIA between 60 • and 110 • (Fig. 6A) , corresponding to olivine fabric types from (B) show exponential curves for all plotted data, the ophiolite, the trench peridotites, and the peridotites in HP rocks, respectively. Note that exponential curves for the peridotites in HP rocks are distinctively different from the others in both (A) and (B). 
Empirical distribution of olivine fabric types
It is possible to compare just the frequency of FIA distributions, as shown in Fig. 6B , although we lose the information on both Vp anisotropies and the degree of fabric intensity. It shows clearly that the natural olivine fabrics are not perfectly fit to the six theoretical types from A to AG in Fig. 6B . For practical usage, it is better to separate the range of FIA into six fabric domains as shown in Fig. 6B . Although the range of FIA for each fabric type is tentative, olivine fabrics in the A-type domain are the most common occurrence of about 40%. The second common occurrence of olivine fabrics is in the AG-type domain with nearly 30%. The third common occurrence of olivine fabrics is in the D-type domain with almost 20%. The olivine fabrics within these three domains occupy nearly 90% of our database (Fig. 6B) . It is interesting to note that the distribution of the olivine fabric types in Fig. 6B is almost compatible with those for the other database published by Mainprice (2007) and Tommasi and Vauchez (2015) . Fig. 7 shows the distributions of FIA and the six fabric types for the five tectonic groups, revealing that the olivine fabrics have different characteristics among those tectonic groups. The ophiolites show a distribution with two peaks of FIA: 60 • and 20 • corresponding to A type and AG type, respectively (Fig. 7A) . Despite only a few data points, the FIAs for the ridge peridotites are in the range of 40 • to 80 • , suggesting they might be dominated by A type (Fig. 7B) . The trench peridotites show a large number of data clustered around 60 • (i.e. A type) (Fig. 7C) . These FIA values are dominantly between 50 • and 80 • , corresponding to A to D types with a small number of FIAs lower than 30 • and higher than 90 • (Fig. 7C) . The peridotite xenoliths show a broad distribution of FIAs between 10 • and 120 • with peaks at 40 • , 80 • , and 100 • corresponding to A type, D type and E type, respectively (Fig. 7D) . The peridotites in HP metamorphic rocks show a unimodal distribution of FIAs between −30 • and 10 • , which are dominated by B type (Fig. 7E) .
Discussion
Natural olivine fabrics along the western Pacific convergence region
Our olivine fabric data were derived mainly from the western Pacific convergence region, as shown in Fig. 3 . We can classify the convergence region into two tectonic cross-sections: Northeast Japan and Mariana (Fig. 8) . The Northeast Japan cross-section has no peridotite in the forearc; petit-spot volcanoes occur on the outer-rise region of the subducting Pacific plate (Fig. 8A; e.g., Ida and Uyeda, 1981) showing the occurrences of natural olivine crystal-fabric types. (A) Northeast Japan cross-section. (B) Mariana cross-section. Orange is continental crust; dark green is lithospheric mantle; yellow is seafloor sediment. The red triangle in (A) is a petit-spot volcano. Font sizes used for the crystal-fabric types reflect the abundance of the fabric types in natural peridotites, as shown in Fig. 7 . The abbreviations (e.g., M07) and colors of the text in parentheses are as in Fig. 3 . Olivine fabric types show dominant types such as A∼D based on the occurrence in Fig. 7 . The green arrows are assumed flow in mantle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Hirano et al., 2006) . The Mariana cross-section has peridotites in the trench; the subducting Pacific plate is remarkably fractured, resulting in horst and graben structures ( Fig. 7B ; Uyeda and Kanamori, 1979; Ida and Uyeda, 1981) . Our olivine fabric data can now be fitted onto these two cross-sections.
For the northeast Japan cross-section, two peridotite xenoliths (M06I and M09A) derived from Ichinomegata back-arc volcano (Michibayashi et al., 2006a (Michibayashi et al., , 2006b Satsukawa and Michibayashi, 2014) and Avacha volcano (Michibayashi et al., 2009a; Soustelle et al., 2010) , respectively, could represent an area beneath the island arc and have fabric types from A to D to E types in Fig. 7D . One peridotite xenolith (H11) had been entrained in magma erupted from petit-spot volcano, so it could have been derived from the lithosphere-asthenosphere boundary (Hirano et al., 2001 (Hirano et al., , 2004 (Hirano et al., , 2006 , representing AG type (Harigane et al., 2011b) . The peridotites entrained in the HP metamorphic rocks (T08 and M11) were possibly derived from the deep mantle wedge above the subducting slab, where B type may be dominant (Mizukami et al., 2004; Tasaka et al., 2008; Muramoto et al., 2011) .
For the Mariana type, our data for the trench peridotites are most reliable among the five tectonic groups in the case of large numbers of data (Fig. 7C) . 100 trench peridotites show a broad distribution from B to E types, with a dominant peak of A to D types (Figs. 7C and 8B) , although the occurrence of B type was predicted for both the Mariana and Tonga trenches by Jung and Karato (2001) . Harigane et al. (2013) argued that E type is the earliest fabric to form during the initiation of subduction, but its occurrence is rare. Nonetheless, the variations in the olivine fabrics in the trench peridotites could result from variations in deformation within the supra-subduction uppermost mantle, possibly related to evolution of the mantle since the subduction initiation of the Pacific plate.
The ridge peridotites we studied are actually back-arc peridotites, such as from the Mariana trough and Parece Vera rift (e.g., Harigane et al., 2011a) , and they are mostly A type (Figs. 7B  and 8B ). However, it should be noted that there are only four data points in our database.
Our results reveal the occurrence of AG type in various tectonic settings: the lithosphere-asthenosphere boundary, the trench region, and the region above the subducting slab (Figs. 7 and 8) . Among the olivine fabric types, the AG type may result from various factors such as type of strain, the effect of melt during deformation, or the simultaneous activity of various dislocations (e.g., Harigane et al., 2011b; Tommasi and Vauchez, 2015; Wang et al., 2016) . 
Presumed olivine fabrics in the Pacific plate
Seismic observations have extensively been conducted in the northwestern Pacific Ocean, where is composed of the oldest oceanic crust on Earth (Shimamura et al., 1983; Shinohara et al., 2008; Oikawa et al., 2010; Kodaira et al., 2014) . Shimamura et al. (1983) reported 4-7% azimuthal anisotropy at 40-140 km depth, whereas Shinohara et al. (2008) detected 5% and 13% azimuthal anisotropy at 8-10 km depth and 40-50 km depth, respectively. Oikawa et al. (2010) presented 7-10% azimuthal anisotropy within 5 km immediately below the Moho. More recently, Kodaira et al. (2014) identified strong azimuthal anisotropy of 8.5-9.8% in the uppermost mantle immediately below the Moho. Variation in azimuthal anisotropy observed in the Pacific Plate can be attributed to the dependence on the spreading rate (e.g., Oikawa et al., 2010; Song and Kim, 2012) .
In the seismic results, the direction of higher P-wave velocity is perpendicular to the paleomagnetic lineation, so that it is generally believed that the azimuthal anisotropy is caused by olivine CPOs in mantle when the oceanic plate was created at the midocean spreading center (e.g., Hess, 1964; Raitt et al., 1969) . In Fig. 9 , we show a relationship between FIA and calculated azimuthal anisotropy as well as calculated radial anisotropy, assuming a horizontal shear. Since the direction of higher P-wave velocity is subparallel to the direction of the Plate motion, it may be likely to assume that olivine fabric types are between FIA = 0 • (AG type) and FIA = 90 • (D type; Nishimura and Forsyth, 1989) in Fig. 9 . It shows that azimuthal anisotropy increases from 0 • to 90 • (Fig. 9A) , indicating its direct relationship to olivine fabric types. Consequently, variation of azimuthal anisotropy in the Pacific Plate could result from variation of olivine fabric types; the region of higher azimuthal anisotropy in mantle (e.g., Oikawa et al., 2010; Kodaira et al., 2014) could be dominated by A to D types, whereas the region of the lower azimuthal anisotropy in mantle (e.g., Shinohara et al., 2008) could be characterized by AG-type (Fig. 9A) . It is interesting to note that there is few difference in radial anisotropy between FIA = 0 • and FIA = 90 • in contrast to azimuthal anisotropy (Fig. 9B) .
